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Abstract. The fragmentation fractions of c and b quarks into the weakly decaying charmed hadrons D0,
D+, D+s and Λ
+
c , and into the charmed vector meson D
∗+ have been derived from the LEP measure-
ments and averaged. The c quark fragmentation fractions represent probabilities to hadronise as a given
charmed hadron, while the b quark fragmentation fractions are defined as sums of probabilities to produce
a particular charmed hadron or its antiparticle.
1 Introduction
Charmed mesons are produced in processes of charm quark
fragmentation and in decays of bottom hadrons. The large
values of the c and b quark masses allow using the per-
turbative QCD (pQCD) calculations for describing the
heavy quark production. However, to describe completely
the heavy quark transition into a given hadron, a non-
perturbative parametrisation tuned to experimental re-
sults is needed. Fragmentation functions, used to parametrise
a transfer of quark’s energy to a given hadron, are ex-
pected to be rather different for different pQCD calcula-
tions [1,2,3]. Fragmentation fractions are probabilities for
c/b quark to hadronise as a particular charmed/bottom
hadron, f(c → Hc)/f(b → Hb). The fragmentation frac-
tions of b quark to a particular charmed hadron, f(b →
Hc), can be defined similarly representing convolutions of
the f(b → Hb) fractions and branching fractions of the
bottom hadrons into a given charmed hadron. For heavy
quark (Q) production at large energies far from the QQ¯
threshold, the fragmentation fractions are often assumed
to be universal.
Charm and bottom quark production in e+e− anni-
hilations provides the cleanest environment for the heavy
quark fragmentation measurements. A compilation of charm
fragmentation fractions was performed in 1999 [4] using
available at that time published and preliminary LEP
measurements in Z decays as well as the results obtained
at centre-of-mass energies of about 10GeV. In this arti-
cle, the fragmentation fractions of c and b quarks into the
weakly decaying charmed hadrons D0, D+, D+s and Λ
+
c ,
and into the charmed vector meson D∗+, derived from
the final LEP results, are presented. The measurements
at centre-of-mass energies of ∼ 10GeV are not included in
this compilation because they can be affected by exclusive
production channels, such as e+e− → D(∗)+D(∗)− [5], and
threshold effects.
Table 1. Charmed hadron decays and their branch-
ing fractions used in this article. For all decays, except
Λ+c → p K
− π+, the current world average values [6] of
the branching fractions are used. For the Λ+c → p K
− π+ de-
cay, the branching fraction is obtained as the weighted mean
of the BELLE [7] and CLEO [8] measurements.
Charmed hadron decay Branching fraction [%]
D0 → K− π+ 3.88 ± 0.05 [6]
D+ → K− π+ π+ 9.15 ± 0.19 [6]
D+s → φ π
+
→ (K− K+) π+ 2.24 ± 0.10 [6]
Λ+c → p K
− π+ 6.71 ± 0.35 [7,8]
D∗+ → D0 π+ 67.7 ± 0.5 [6]
The LEP measurements, used in this article, were based
on the charmed hadron decays summarised in table 1. Re-
sults of all measurements have been updated using new
branching fractions of the above decays. For all decays,
except Λ+c → p K
− pi+, the current world average
values [6] of the branching fractions are used. For the
Λ+
c
→ p K− pi+ decay, the branching fraction determina-
tion in Ref. [6] is model dependent resulting in the value
B(Λ+c → p K
− pi+) = (5.0 ± 1.3)% with the large un-
certainty originating from the model dependence. In this
article, the branching fraction obtained as the weighted
mean of the BELLE [7] and CLEO [8] measurements is
used for the Λ+c → p K
− pi+ decay. The b quark frag-
mentation fractions are defined as sums of probabilities to
produce a particular charmed hadron or its antiparticle.
2 Charm fragmentation fractions
Production rates of charmed hadrons D0, D+, D+s and
Λ+
c
in Z → cc¯ were reported by the ALEPH [9], DEL-
PHI [10] and OPAL [11] collaborations in the form of prod-
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Table 2. LEP measurements of the products of Rc = Γ (Z → cc¯)/Γ (Z → hadrons), charm fragmentation fractions into charmed
hadrons, f(c → Hc), and the branching fractions of the corresponding charmed hadron decays, B. The DELPHI and OPAL
rates for D+s are corrected for the branching fraction B(φ→ K
+K−). The first/second uncertainties are statistical/systematic.
Hc ALEPH [9] DELPHI [10] OPAL [11,12]
Rc · f(c→ Hc) · B [%] Rc · f(c→ Hc) · B [%] Rc · f(c→ Hc) · B [%]
D0 0.370 ± 0.011 ± 0.023 0.3570 ± 0.0100 ± 0.0146 0.389 ± 0.027 +0.026
−0.024
D+ 0.368 ± 0.012 ± 0.020 0.3494 ± 0.0116 ± 0.0140 0.358 ± 0.046 +0.025
−0.031
D+s 0.0352 ± 0.0057 ± 0.0021 0.0765 ± 0.0069 ± 0.0037 0.056 ± 0.015 ± 0.007
Λ+c 0.0673 ± 0.0070 ± 0.0037 0.0743 ± 0.0155 ± 0.0078 0.041 ± 0.019 ± 0.007
D∗+ – 0.1089 ± 0.0027 ± 0.0039 0.1041 ± 0.0020 ± 0.0040
Table 3. Charm fragmentation fractions into charmed hadrons, f(c → Hc), derived from the LEP measurements. The
first/second uncertainties are statistical/systematic.
Hc ALEPH [9] DELPHI [10,14] OPAL [11,12]
f(c→ Hc) [%] f(c→ Hc) [%] f(c→ Hc) [%]
D0 55.3 ± 1.6 ± 3.4 53.4 ± 1.5 ± 2.2 58.2 ± 4.0 +3.9
−3.6
D+ 23.4 ± 0.8 ± 1.3 22.2 ± 0.7 ± 0.9 22.8 ± 2.9 +1.6−2.0
D+s 9.1 ± 1.5 ± 0.5 9.7 ± 0.9 ± 0.5 7.1 ± 1.9 ± 0.9
Λ+c 5.8 ± 0.6 ± 0.3 6.4 ± 1.3 ± 0.7 3.5 ± 1.6 ± 0.6
D∗+, rate 23.3 ± 1.0 ± 0.9 24.1 ± 0.6 ± 0.9 23.0 ± 0.4 ± 0.9
D∗+, double-tag – 25.7 ± 1.5 ± 0.6 22.4 ± 1.4 ± 1.4
uct Rc · f(c→ Hc) · B, where Rc = Γ (Z → cc¯)/Γ (Z →
hadrons) and B is the branching fraction of the corre-
sponding charmed hadron decay. ForD∗+ meson, the prod-
ucts were published by DELPHI [10] and OPAL [12] (the
ALEPH direct measurement of f(c→ D∗+) is described
below). The measurements are collected in table 2. The
DELPHI and OPAL rates for D+
s
were corrected for the
branching fraction B(φ → K+K−). The OPAL result for
D+s , obtained using decay channelsD
+
s → φpi
+ andD+s →
K¯∗0K+, was expressed in terms of the decay D+
s
→ φpi+
with the uncertainty of the ratio of the two branching
fractions included into a systematic uncertainty.
Charm fragmentation fractions are obtained by divid-
ing the measured Rc · f(c→ Hc) · B values from table 2
by the relevant branching fractions [6] and the Standard
Model (SM) value Rc = 0.1723 [13]. The ALEPH mea-
surement of D∗+ production rate in Z → cc¯ [9], reported
as
f(c→ D∗+) = 0.2333± 0.0102(stat)± 0.0084(syst),
is updated using the latest values of the B(D∗+ → D0pi+)
and B(D0 → K−pi+) branching fractions [6].
The double-tag measurements of the product f(c →
D∗+) · B(D∗+ → D0pi+) were performed by DELPHI [14]
and OPAL [12]. The double-tag method, based on tag-
ging of one heavy quark and detection of a low momentum
charged pion from the D∗+ → D0pi+ decay in the hemi-
sphere opposite to the tagged quark, substantially reduces
backgrounds, although at the price of reduced statistics.
The f(c→ D∗+) values derived from the product by DEL-
PHI,
f(c→ D∗+) = 0.255± 0.015(stat)± 0.006(syst),
and by OPAL,
f(c→ D∗+) = 0.222± 0.014(stat)± 0.014(syst),
are updated using the latest value of the B(D∗+ → D0pi+)
branching fraction [6].
Charm fragmentation fractions derived from the LEP
measurements are collected in table 3.
3 Bottom fragmentation fractions
Production rates of charmed hadrons D0, D+, D+
s
and
Λ+
c
in Z → bb¯ were measured by ALEPH [15], DEL-
PHI [10] and OPAL [11]. The ALEPH collaboration con-
verted the measured rates into the bottom fragmentation
fractions, while the DELPHI and OPAL measurements
were reported in the form of product Rb · f(b→ Hc) · B,
where Rb = Γ (Z → bb¯)/Γ (Z → hadrons) and B is the
branching fraction of the corresponding charmed hadron
decay. For D∗+ meson, the products were published by
DELPHI [10] and OPAL [12]. The measurements are col-
lected in table 4. The DELPHI and OPAL rates for D+s
were corrected for the branching fraction B(φ→ K+K−).
The OPAL result for D+
s
, obtained using decay channels
D+s → φpi
+ and D+s → K¯
∗0K+, was expressed in terms
of the decay D+s → φpi
+ with the uncertainty of the ratio
of the two branching fractions included into a systematic
uncertainty.
The f(b → Hc) values measured by ALEPH are up-
dated using the latest values of the relevant branching
fractions [6]. For DELPHI and OPAL, the bottom frag-
mentation fractions are obtained by dividing the mea-
sured Rb · f(b→ Hc) · B values from table 4 by the rel-
evant branching fractions [6] and the SM value Rb =
0.21579 [13].
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Table 4. LEP measurements of the bottom fragmentation fractions into charmed hadrons, f(b → Hc), and products of
Rb = Γ (Z → bb¯)/Γ (Z → hadrons), f(b → Hc) and the branching fractions of the corresponding charmed hadron decays, B.
The DELPHI and OPAL rates for D+s are corrected for the branching fraction B(φ→ K
+K−). The first/second uncertainties
are statistical/systematic.
Hc ALEPH [15] DELPHI [10] OPAL [11,12]
f(b→ Hc) [%] Rb · f(b→ Hc) · B [%] Rb · f(b→ Hc) · B [%]
D0 60.5 ± 2.4 ± 1.6 0.4992 ± 0.0162 ± 0.0304 0.454 ± 0.023 +0.025
−0.026
D+ 23.4 ± 1.3 ± 1.0 0.4525 ± 0.0204 ± 0.0226 0.379 ± 0.031 +0.028
−0.025
D+s 18.3 ± 1.9 ± 0.9 0.1259 ± 0.0100 ± 0.0063 0.166 ± 0.018 ± 0.016
Λ+c 11.0 ± 1.4 ± 0.6 0.0962 ± 0.0187 ± 0.0083 0.122 ± 0.023 ± 0.010
D∗+ – 0.1315 ± 0.0035 ± 0.0053 0.1334 ± 0.0049 ± 0.0078
Table 5. Bottom fragmentation fractions into charmed hadrons, f(b → Hc), derived from the LEP measurements. The
first/second uncertainties are statistical/systematic.
Hc ALEPH [15] DELPHI [10,14] OPAL [11,12]
f(b→ Hc) [%] f(b→ Hc) [%] f(b→ Hc) [%]
D0 59.7 ± 2.4 ± 1.3 59.6 ± 1.9 ± 3.6 54.2 ± 2.7 +3.0
−3.1
D+ 23.3 ± 1.3 ± 1.0 23.0 ± 1.0 ± 1.1 19.2 ± 1.6 +1.4−1.3
D+s 14.4 ± 1.5 ± 0.8 12.8 ± 1.0 ± 0.6 16.6 ± 1.8 ± 1.6
Λ+c 7.2 ± 0.9 ± 0.6 6.6 ± 1.3 ± 0.6 11.3 ± 2.1 ± 0.9
D∗+, rate – 23.2 ± 0.6 ± 0.9 23.5 ± 0.9 ± 1.4
D∗+, double-tag – – 17.5 ± 1.6 ± 1.2
The double-tag measurement of the product f(b →
D∗+) · B(D∗+ → D0pi+) was performed by OPAL [12].
The f(b→ D∗+) value derived from the product,
f(b→ D∗+) = 0.173± 0.016(stat)± 0.012(syst),
is updated using the latest value of the B(D∗+ → D0pi+)
branching fraction [6].
Bottom fragmentation fractions derived from the LEP
measurements are collected in table 5. In ref. [9], ALEPH
reported the ratio
Rb · f(b→ D
∗+)
Rc · f(c→ D∗+)
= 1.15± 0.06.
Using the ratio, the f(c → D∗+) value derived from the
ALEPH D∗+ rate measurement, and the SM values of Rc
and Rb gives f(b → D
∗+) = 21.4% in general agreement
with other results. However, this estimate is not included
in the calculation of the LEP average values because there
is not enough information in ref. [9] for evaluation of its
uncertainties.
4 Average LEP fragmentation fractions
For each fragmentation fraction considered, the results are
averaged using a standard weighted least-squares proce-
dure [6]. The statistical and systematic uncertainties are
added in quadrature and the combined uncertainties are
used. For D0 and D+ from OPAL, the systematic uncer-
tainties are slightly asymmetric and the uncertainty with
a larger absolute value is used. The systematic uncertain-
ties related to the detector description, signal-extraction
Table 6. Average values of the fragmentation fractions into
charmed hadrons, derived from the LEP measurements, for
charm quark, f(c → Hc), and bottom quark, f(b → Hc). The
first uncertainties are the combined statistical and systematic
uncertainties of the LEP measurements. The second uncer-
tainties originate from the limited knowledge of the relevant
branching fractions [6,7,8].
Hc f(c→ Hc) [%] f(b→ Hc) [%]
D0 54.2 ± 2.4 ± 0.7 58.7 ± 2.1 ± 0.8
D+ 22.5 ± 1.0 ± 0.5 22.3 ± 1.1 ± 0.5
D+s 9.2 ± 0.8 ± 0.5 13.8 ± 0.9 ± 0.6
Λ+c 5.7 ± 0.6 ± 0.3 7.3 ± 0.8 ± 0.4
D∗+, rate 23.4 ± 0.7 ± 0.3 23.3 ± 1.0 ± 0.3
D∗+, double-tag 24.4 ± 1.3 ± 0.2 17.5 ± 2.0 ± 0.1
D∗+, combined 23.6 ± 0.6 ± 0.3 22.1 ± 0.9 ± 0.3
procedure and Monte Carlo statistics are assumed to be
uncorrelated between the LEP experiments. The uncer-
tainties related to the modelling of Z → cc¯ and Z → bb¯
events are taken as the correlated uncertainties. Taking
the correlations into account produces small but visible
effects on the resulting values and their combined uncer-
tainties.
Average values of the charm and bottom fragmenta-
tion fractions into charmed hadrons, derived from the LEP
measurements, are collected in table 6. The sum of the av-
erage f(c → Hc) fragmentation fractions into the weakly
decaying charmed hadrons D0, D+, D+
s
and Λ+
c
is
91.6± 3.3(stat⊕ syst)± 1.0(branching fractions)%
leaving a large room for the fragmentation of a charm
quark into Ξ+
c
, Ξ0
c
and Ω0
c
baryons. The sum of the av-
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erage f(b → Hc) fragmentation fractions into the weakly
decaying charmed hadrons D0, D+, D+s and Λ
+
c is
102.1± 3.1(stat⊕ syst)± 1.1(branching fractions)%
reflecting the fact that more than one charm quark is pro-
duced on average in the hadronisation and decay of one
bottom quark due to b → cc¯s processes. The sums un-
certainties are calculated taking into account correlations
between systematic uncertainties of the four fragmenta-
tion fractions in each measurement [9,10,11,15].
5 Summary
The fragmentation fractions of c and b quarks into the
weakly decaying charmed hadrons D0, D+, D+
s
and Λ+
c
,
and into the charmed vector mesonD∗+ have been derived
from the LEP measurements and averaged. The b quark
fragmentation fractions are defined as sums of probabili-
ties to produce a particular charmed hadron or its antipar-
ticle. The average values obtained are intended for normal-
isation of the non-perturbative component of charm and
bottom hadronisation in analytic and Monte Carlo calcu-
lations.
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